INTRODUCTION
A supF gene of Escherichia coli carried by plasmids is widely used as a target for the identification and DNA sequencing analysis of spontaneous and induced mutations in both bacteria and mammalian cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In the supF-based system, all mutational base changes are detectable (e. g., G:C-)A:T, G:C->T:A, G:C->C:G, A:T-)T:A, A:T-G:C, and A:T->C:G), the target gene is relatively small (153 bp) and sequence analysis is easy. Thus comparison with the previously determined changes for supF in several systems can be available.
One of the drawbacks of the supF-based system was that a mutant has been isolated via a colorimetric screening where a small fraction of white colonies, which contain supF plasmids, must be identified in a field of blue colonies, which contain supF+ plasmids. This screening method is time-consuming and makes the detection of mutation frequencies below 10-4 difficult. To overcome the difficulty, we have developed a system to detect a supF mutant at a frequency in the order of 10-' which utilizes an E. coli strain with gyrA mutant on the chromosome (i.e., a nalidixic acid resistant phenotype) and an amber mutation in the gyrA gene on the plasmid. The bacteria transformed with a functional supF gene can form nalidixic acid-sensitive colonies, whereas those with an inactive supF gene can form nalidixic acid-resistant colonies4). With this system, however, there remained some false mutants that gave a wild-type supF+ sequence. These mutant cells may have acquired resistance by spontaneous mutation affecting nalidixic acid trans port into the cell, for example. Rodriguez et a19) have developed another system that utilizes an E. coli strain which has a laclgam26 mutation in an F' and carries a lacZMA15 marker for a-complementation.
In the present study, using site-directed mutagenesis in vitro, we further introduced strepto 
MATERIALS AND METHODS

Bacterial strains and plasmids
Escherichia coli strain KS40 (lacZam rpsL gyrA) was described previously4). Strain SY1033, which is an SY1032 derivative 12), has the relevant genotypes (gyrA96 D (pro-lac) sup°)/F' (pro8l::Tn10 lacZam) and is used as host for M13 phage. AB 115713 is from our laboratory stock. DH5aMCR (recAl) was obtained from Dr. D. Hanahan14). SY302 (mutM::Tn10 mutY::Kan) is a mutY::Kan derivative of MC301 (mutM::Tn10)'5 .
Vector pKY241 contains the gyrAam gene in the pACYC 184 plasmid4). Vector pZ189 car ries the tyrosine suppressor tRNA (supF) gene'. Plasmid pNO 1523 carrying the rpsL gene 16) was purchased from Pharmacia LKB Biotechnology (Sweden). Vector pKFI contains a mutant rpsL gene which is regulated by trp promoter".
Vector pWSK29 was obtained from Dr. S. R. Kushner'8 . Vector pJKKmf (-) is a derivative of pGEM3Zf (-) and carries resistance to kanamy cin (Kan) instead of resistance to ampicillin (Ap)19). Plasmids pUB39), carrying supF+, and pBR322 are from our laboratory stock.
Reagents and media
The L broth, L plates, and phosphate buffer used have been described20). Chloramphenicol (Cm), tetracyclin (Tet) and Ap were included, if necessary, in L plates at concentrations of 30, 10 and 50 ug/ml, respectively. Minimal agar medium, used for supF mutant selection, is composed of M56 salt21 plus glucose (2 mg/ml), casamino acids (2 mg/ml), thiamine (1 µg/ml) and 1.5% agar supplemented with Ap (150 ug/ml), Cm (30,ug/ml), nalidixic acid (Nal; 50 ug/ml) and streptomycin (Sm; 100 µg/ml). Enzymes and reagents used for DNA manipulation and DNA sequencing were purchased from Takara Shuzo (Kyoto) and Applied Biosystems Inc. (Foster City, CA). Isopropyl-/3-D-thiogalactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-/3-D-galacto side (X-gal) were used as described previously4). Oligonucleotides used for site-directed mu Construction of rpsLam by in vitro mutagenesis pOF100, carrying the 5' half of rpsL gene on pJKKmf (-), was constructed from pNO1523. Oligonucleotide-directed in vitro mutagenesis was performed using the Takara Mutan-K system where an oligonucleotide was designed to replace the codon for Tyr-66 by a termination codon TAG. Mutagenized fragments were sequenced to ensure that no other mutation had been intro duced. A 144 by fragment containing the amber mutation was isolated by Sphl-PstI digestion and cloned into the Sphl-Pstl sites of pKFI to yield pOF101 where the rpsLam gene is regulated by trp promoter". A 620 by SalI-BamHI fragment containing the trp promoter and the rpsLam gene was once again isolated from pOF101 and cloned into the Sall-BamHI sites of pKY241 yielding pOF105. Thus, pOF105 has a gyrAam gene, an rpsLam gene, a Cm-resistant gene and a replica tion origin from plasmid p 15A.
Construction of pTN89 plasmid pTN89 was constructed (Fig. 1) by replacing a 1.5 kbp AatII-BamHI fragment containing the bla gene of pZ189 with a 1.6 kbp PvuII-BglII fragment from pWSK29 which has an fl replication origin and bla gene.
Mutant analysis
Individual cultures of A131157, DH5a MCR and SY302 containing pTN89 in 5 ml of L-broth with Ap (50 t g/ml) were grown at 37°C overnight. The plasmid was extracted and introduced into the competent indicator strain KS40/pOF105.
To select supF mutant pTN89, the transformed cells were plated on minimal agar medium containing Ap, Cm, Sm and Nal. Strain KS40/pOF105 is resistant to Sm and Nal if it contains a mutant supF, whereas cells carrying an active supF do not produce colonies on such plates. The total number of transformants was deter mined by plating a portion of the cells on L-agar containing Ap and Cm after overnight incuba tion at 37°C. The minimal agar medium plate was incubated for 24 h at 37°C. Sm and Nal-resistant colonies were re-streaked on L-agar containing X-gal and IPTG, and one of the white colonies was picked for further analysis. Mutation frequency was calculated according to Akasaka et a14).
DNA sequencing
Plasmid DNA was extracted from a putative supF mutant transformant and transfected into SY1033 where single-stranded DNA was prepared by infection with M13KO7 helper phage.
DNA was sequenced by the dideoxy chain termination method using ABI automated sequencer model 373A. The polymerization reaction was primed by the primer 5'-GTACACGAGGCCCTT 3'.
RESULTS
AND DISCUSSION
The KS40/pOF105 system was constructed as described in Materials and Methods. KS40 is lacZam, Nal-resistant and Sm-resistant. pOF 105 carries the gyrAam and rpsLam genes. It is known that fl replication origin of pZ189 does not work for production of single-stranded DNA in the presence of an M 13 helper phage 1). Therefore the pTN89 was constructed in which f 1 origin of replication is incorporated into pZ 189 (Fig. 1) . When KS40/pOF105 is transformed with pTN89 carrying an active supF gene, the transformants form Nal-sensitive and Sm-sensitive colonies, whereas if the supF gene is inactive, transformants form Nal-resistant and Sm-resistant colonies. This is based on the facts that Nal-resistant and Sm-resistant alleles are recessive to wild-type alleles (Fig. 2) . Therefore, using KS40/pOF 105, a very small fraction of mutant plasmids can easily be selected from a very large number of plasmid molecules propagated in various E. coli cells. Reconstruction experiments were conducted to determine the possibility of bias distorting the ratio of mutant and wild-type supF transformants in the KS40/pOF105 system of Nal and Sm selection as compared to the previously described KS40/pKY 124 system of Nal selection. In this experiment, pUB3 was used as a plasmid having a supF+ and Ap-resistant character, and pBR322 supF-, Ap-resistant and Tet-resistant character. pBR322 and pUB3 were mixed at a ratio of 1:1000 and used to transform KS40/pOF105 and KS40/pKY241. As shown in Table 1 , both KS40/pOF105 and KS40/pKY241 systems can detect drug-resistant colonies efficiently. Drug resistant colonies, which are putative supF mutants, were re-streaked on L-agar containing Ap and Tet in order to see whether the cells carry pBR322 or false mutants. The result indicates that all the drug-resistant colonies obtained from the KS40/pOF105 system were pBR322 and one among 118 drug-resistant colonies from KS40/pKY241 was a false mutant (Table 1 , column 4).
It should be noted that Nal selection plates for KS40/pKY241 showed tiny background colonies with increasing time of incubation which is in contradiction to the case of KS40/pOF105 where no such background colonies appeared during 4 days incubation (data not shown). Fig. 2 . Strategy of the KS40/pOF105 system. KS40/pOF105 strain has Na1R and SmR alleles on the chromosome, and gyrAam and rpsLam alleles on the pOF105. Nals and Sms alleles are dominant over Na1R and SmR alleles. Thus, a KS40/pOF105 cell is sensitive to Nal and Sm if it contains an active supF, whereas cells carrying mutant supF can produce colonies on such plates. Table 1 .
Reconstruction experiments".
The new KS40/pOF105 system was validated by carrying out spontaneous mutagenesis experiments with plasmid pTN89 propagated in AB 1157(wild-type), DH5aMCR (recA1) and SY302 (mutM::Tn10 mutY::Kan). We detected 18, 21 and 22 supF mutations of pTN89 derived from ABI 157, DH5aMCR and SY302, respectively, the details of which are summarized in Tables 2 and 3 In the experiments, no false mutants were detected. Thus, the KS40/ pOF105 system can easily detect all the classes of supF mutants. It is known that the mutM gene and mutt gene code for glycosylases that repair oxygen radical species-related base adducts22-24). The spectra of transversion in AB 1157 and DH5 aMCR are essentially the same as the spectrum of SY302 (Table 3) . The results therefore suggest that the source of spontaneous base substitution is spontaneous oxidative base adducts. This conclu sion is consistent with previous studies4-7 '2s> In summary, the KS40/pOF105 described in this paper allows rapid scoring and sequencing of forward mutations in the supF gene on a shuttle vector plasmid. The positive selection of mutations detected low mutation frequencies, thus permitting the use of supF for repair and mutagenesis studies in bacteria. Since a shuttle vector can replicate in both bacteria and mamma lian cells, this system makes it possible to compare prokaryotic and eukaryotic mutational spec tra in the same target sequence.
